DNA through computer simulations performed with a coarse-grained model. The model was developed specifically to study the switch of H-NS proteins from the DNA-stiffening to the DNA-bridging mode, which has been observed repeatedly upon addition of multivalent cations to the buffer, but is still not understood. Unravelling the corresponding mechanism is all the more crucial, as the regulation properties of H-NS proteins, as well as other nucleoid proteins, are linked to their DNA-binding properties. The simulations reported here support a mechanism, according to which the primary role of multivalent cations consists in decreasing the strength of H-NS/DNA interactions compared to H-NS/H-NS interactions, with the latter ones becoming energetically favored with respect to the former ones above a certain threshold of the effective valency of the cations of the buffer. Below the threshold, H-NS dimers form filaments, which stretch along the DNA molecule but are quite inefficient in bridging genomically distant DNA sites (DNA-stiffening mode). In contrast, just above the threshold, H-NS dimers form 3-dimensional clusters, which are able to connect DNA sites that are distant from the genomic point of view (DNA-bridging mode). The model provides clear rationales for the experimental observations that the switch between the two modes is a threshold effect and that the ability of H-NS dimers to form higher order oligomers is crucial for their bridging capabilities.
INTRODUCTION
Nucleoid Associated Proteins (NAP) are DNA-binding proteins with low to medium sequence specificity, which participate actively in bacteria' chromosome organization and gene expression regulation by bridging, bending, or caging the DNA molecule (1) (2) (3) . Despite continuous efforts of several groups (see (1) (2) (3) and references therein), the mechanisms by which NAP achieve these goals remain in most cases elusive and controversial. Part of the difficulty arises from the fact that these mechanisms appear to be specific to each NAP. For example, the histone-like nucleoid structuring protein (H-NS), ParB, and structural maintenance of chromosome proteins (SMC) are all believed to bridge DNA, but the bridges are qualitatively different, which results in different effects on chromosome organization and gene expression regulation (4) . Even worse, a single NAP may display several binding modes to DNA, depending on a variety of external factors, like pH, temperature, and the composition of the buffer (5) (6) (7) (8) (9) . For example, atomic force microscopy and optical tweezers experiments first suggested that H-NS binding to DNA leads to the formation of bridges between DNA duplexes (this is the so-called bridging mode) (5) , while subsequent magnetic tweezers experiments instead concluded that the DNA molecule rather adopts a more extended and stiffer conformation upon binding of the proteins (this is the so-called stiffening mode) (6) . It was later pointed out that the discrepancy between the two sets of experiments may arise from the fact that the buffer used in the first set of experiments contained divalent salt cations, while the buffer used in the second set did not, and it was accordingly shown that both binding modes do exist and that a switch between the two of them can be driven by changes in divalent cations concentrations (7) . More recent small angle neutron scattering experiments (8) , as well as experiments performed in confined geometries (9) , confirmed the crucial role of divalent cations. Still, it should be pointed out, as stated in (7), that "the specific mechanism by which magnesium and calcium ions alter H-NS binding properties is currently unknown", which is an all the more regrettable lack, as the regulation properties of H-NS (10, 11) , as well as other NAP (12, 13) , are probably linked to their DNA-binding properties.
The purpose of the present paper is to propose an explanation for the role of divalent cations, based on our current knowledge of the properties of H-NS proteins and the results of simulations performed with a coarse-grained model, which was developed specifically for this purpose.
H-NS is a small protein (137 residues, 15.5 kDa), which is functional as a dimer. Each monomer consists of a N-terminal oligomerization domain (residues 1-64) (14, 15 ) and a C-terminal DNA-binding domain (residues 91-137) (16) connected by a flexible linker (17) . A secondary dimerization site at the C-terminal end of the main oligomerization domain allows H-NS dimers to organize in superhelical chains in crystals (18) and is probably also responsible for the oligomerization of H-NS in solution, where dimers, tetramers, and larger oligomers have been observed under different conditions (14, 19, 20) . A thermodynamic analysis of such solutions led to a value of the enthalpy change upon dimerization or tetramerization of H-NS proteins of the order of T k B 10 at room temperature (20) , which is very close to the value that was reported for the enthalpy change upon formation of a complex between DNA and a H-NS protein in solution (21) . As will be developed below, this similarity of the values of the enthalpy changes upon oligomerization of H-NS and binding of H-NS to DNA is crucial for the dynamics of H-NS/DNA mixtures.
A second important point deals with the very peculiar properties of DNA when immersed in a solution containing dilute cations. Naked DNA is indeed a highly charged polyanion with two phosphate groups per base pair, resulting in a bare linear charge density of about -5.9 nm / e , where e is the absolute charge of the electron. However, the ManningOosawa condensation theory (22, 23) This work consequently supports a mechanism for the switch of H-NS proteins from the DNA-stiffening mode to the DNA-bridging mode upon increase of the concentration of divalent cations, which consists of (i) the displacement of the equilibrium from predominant H-NS/DNA interactions towards predominant H-NS/H-NS interactions, and (ii) the resulting switch of the preferred organization of H-NS proteins from filaments stretching along a genomic contiguous part of the DNA molecule to clusters able to connect parts of the DNA molecule that are genomically broadly separated.
METHODS
The mesoscopic model which has been developed for the present study is described in Consequently, the attraction term between terminal beads of a protein chain and central beads of another protein chain does not depend on Z, while the attraction term between DNA beads and terminal protein beads evolves as Z / 1 . This is one of the key points of the model.
A Lennard-Jones-type excluded volume term is added to the attractive Debye-Hückel term for pairs of beads with opposite charges. For the sake of simplicity, this excluded volume potential is assumed to be independent of Z and identical for protein/protein and protein/DNA pairs of beads. The two parameters of the potential were adjusted manually in order that the enthalpy changes upon forming a complex between two protein chains and between a protein chain and the DNA chain are comparable to the experimentally determined value for H-NS (20, 21 
RESULTS AND DISCUSSION
As mentioned in the Introduction, the Manning-Oosawa condensation theory (22, 23) stipulates that the effective linear charge along a highly charged polyion immersed in a buffer A more quantitative insight into the evolution of the conformations of the system can be gained by plotting, for increasing values of Z, the probability distribution ) (s p for a protein chain to be bound to s DNA beads (Fig. 3, left column) , the probability distribution ( ) q s for a protein chain to be bound to s other protein chains (Fig. 3, right column) , as well as the probability distribution ( ) u s for this protein chain to belong to a cluster composed of s protein chains ( Careful analysis of the results of simulations indicate that the mechanical properties of the DNA chain (like its persistence length) are not significantly altered by the assembly of protein filaments on the DNA chain, even for 1000 protein chains. This is probably due to the fact that the bending rigidity of the protein chains was assumed to be much smaller than the rigidity of the DNA chain, in order to account for the flexible linker that connects the Cterminal and N-terminal domains of H-NS (17) . As a consequence, the protein chains and the filaments merely adapt to the deformations of the DNA chain without hampering them significantly. This property of the model is in clear contradiction with experimental results, which indicate that the formation of filaments is accompanied by an increase in the persistence length and stiffness of the DNA molecule (6, 7, 10) . Such a discrepancy between the results of simulations and experiments strongly suggests that protein filaments are in themselves not responsible for the increased stiffness and that the mechanism behind it is more probably related to the way H-NS dimers bind to the DNA duplex. More precisely, it has been shown that H-NS dimers insert one C-terminal loop inside the minor groove of double-stranded DNA (45) . Binding of a H-NS dimer to a DNA site consequently decreases the flexibility of the DNA chain at this particular location, a point not accounted for in the model, and the many H-NS/DNA bonds associated with the formation of protein filaments are probably responsible for the observed increase in overall DNA stiffness.
Another important feature of protein filaments is that they stretch along the DNA chain but only seldom bridge sites that are broadly separated from the genomic point of view.
However, the geometry of protein clusters changes drastically above 37 . why such a mechanism would display a threshold, it can of course not be excluded that both mechanisms cooperate to let H-NS proteins switch between the two DNA-binding modes.
Last but not least, it appears that the concentration of divalent cations where the switch occurs falls within the physiological range, which may be considered as an indication that the mechanism described here may play an important role in the global regulation scheme of bacterial cells.
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